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SUMMARY 
I n  t h e  second h a l f  of t h e  i n v e s t i g a t i o n  of a l l  meta l  screened 
e l e c t r o d e s ,  t h e  focus  was on base meta l  p a s t e s  i n  a d d i t i o n  t o  
f u r t h e r  work wi th  t h e  s i l v e r  systems. Contac t  r e s i s t a n c e  measure- 
ments were r e f i n e d .  A f a c i l i t y  al lowin? f i r i n g  i n  hydrogen and 
o t h e r  atmospheres was acquired .  S e v e r a l  experiments  were made 
applying sc reenab le  p a s t e s  t o  s o l a r  cells. Doping i n v e s t i g a t i o n s  
emphasized e u t e c t i c  a l l o y s  reduced t o  powders. Metal systems 
were reviewed. A prev ious ly  publ ished vapor p r e s s u r e  curve  f o r  
s i l v e r  f l u o r i d e  was c o r r e c t e d .  Base -e ta1  experiments  were done 
wi th  n i c k e l  and copper us ing  l ead  and t i n  a s  t h e  f r i t  me ta l s .  
Severe adhesion problems were exper ienced w i t h  hydrogen atmos- 
pheres  i n  a l l  meta l  systems. A two s t e p  f i r i n g  schedule was 
devised  based upon exper imenta t ion  which gave evidence  t h a t  t h e  
s i l v e r  f l u o r i d e - s i l i c o n  d iox ide  r e a c t i o n  was modified by t h e  
presence of  hydrogen. I t  was found t h a t  n i t r o g e n  p r e f i r i n g  
allowed t h e  s i l v e r  f l u o r i d e  d i s s o c i a t i o n  and oxide  removal with- 
o u t  caus ing c a t a s t r o p h i c  o x i d a t i o n  of t h e  base  meta l  powders. 
The subsequent hydrogen f i r i n g  s t e p  reduced oxides  t h a t  had 
formed and gave t h e  proper  s i n t e r e d  s t r u c t u r e .  E lec t rodes  were 
coheren t ,  adheren t ,  and s o l d e r a b l e  i n  both n i c k e l  l e a d  and coDper 
l e a d  systems. Towards t h e  end of  t h e  c o n t r a c t u a l  pe r iod  aluminum- 
s i l i c o n  and 3luminum-germanium e u t e c t i c  doping a d d i t i o n s  t o  
copper p a s t e s  were t r i e d  on 2 1 / 4 "  d iameter  s o l a r  cell back 
c o n t a c t s ,  both wi th  good r e s u l t s  ( n  = 9.4% A Y l  uncoa ted) .  
No e l e c t r i c a l  exper iments  were done w i t h  t h e  n i c k e l  ink. 
Problems were expe r i enced  w i t h  a d i g i t a l  v o l t m e t e r  c a u s i n g  d e l a y  
i n  t h e  c o n t a c t  r e s i s t a n c e  measurements. A new i n s t r u m e n t  was 
acqu i red .  Furnace e lements  were r e p a i r e d  a f t e r  bu rnou t ,  a f low 
v a l v e  was r e p l a c e d  i n  t h e  g a s  hand l ing  sys tem,  and a m o d i f i c a t i o n  
was made on t h e  f u r n a c e  t o  accommodate a l o n g e r  q u a r t z  t ube  t o  
reduce  o x i d a t i o n .  A s e r i o u s  c a l i b r a t i o n  e r r o r  was found i n  
t h e  c o n t r o l  thermocouple of  t h e  f i r i n g  f a c i l i t y  . C a l i b r a t i o n  
s t a n d a r d s  and a s s o c i a t e d  e l e c t r o n i c s  were a c q u i r e d  t o  p r e v e n t  
recur rence  of t h i s  problem. 
2.0 INTRODUCTION 
The p o t e n t i a l  f o r  economy and e f f i c i e n c y  h a s  been demons t r a t ed  
f o r  t h e  t h i c k  f i l m  m e t a l l i z a t i o n  p r o c e s s  u s i n g  s c r e e n  p r i n t i n g  
f o r  s o l a r  cel l  e l e c t r o d e s .  However, p r o c e s s  r e l i a b i l i t y  and 
m a t e r i a l s  economy remain d e f i c i e n t .  I t  i s  b e l i e v e d  t h a t  t h e a e  
d e f i c i e n c i e s  can  be removed by t h e  use  o f  i n k  f o r m u l a t i o n s  
des igned  s p e c i f i c a l l y  f o r  s i l i c o n  s o l a r  cel ls ,  d e p a r t i n g  from 
ceramic technology  t r a d i t i o n  and u t i l i z i n s  a l l  m e t a l  sys tems .  
The o b j e c t i v e s  of this i n v e s t i g a t i o n  a r e  a s  fo l lows :  
1. E l i m i n a t e  t h e  g l a s s  f r i t  which h a s  been t h e  conven- 
t i o n a l  l i q u i d  phase  s i n t e r i n g  medium and adhes ive  
f o r  m e t a l l i z a t i o n  i n k s .  
2.  P rov ide  an  a p p r o p r i a t e  metal which c a n  s e r v e  as t h e  
l i q u i d  phase  s i n t e r i n g  medium. 
3. F ind  a chemical  c o n s t i t u e n t  which e f f e c t i v e l y  removes 
t h e  n a t i v e  o x i d e  from t h e  s i l i c o n  d u r i n g  t h e  f i r i n g  
s t e p ,  which can be  made p a r t  of  t h e  i n k ,  and which 
e i t h e r  becomes f u g i t i v e  o r  remains  an i n e r t  p a r t  o f  
t h e  matured m e t a l l i z a t i o n .  
4 .  Main ta in  cognizance o f  t h e  c o s t  o b j e c t i v e s  of  t h e  LSA 
P r o j e c t  i n  selcbcting m a t e r i a l s  and p r o c e s s e s .  
. ' f  
SERIES RESISTANCE AND CONTACT RESISTANCE CONSIDERATIONS 
The m e a s u r e m n t  o f  c o n t a c t  r e s i s t a n c e  h a s  been  p r o b l e m a t i c a l  
s i n c e  t h e  work w i t h  t h i c k  ' i l m  e l e c t r o d e s  b e g a n .  S e v e r a l  
methods  have  been u t i l i z e d  i n  t h e  p a s t  u s i n g  e i t h e r  s i l i c o n  
m a t e r i a l  o r  solar c z l l s  as  a p o i n t  of d e p a r t u r e .  A r e l a t i v e l y  
s i m p l e  method uses a s i l i c o n  r o d  of s i m p l e  s h a p e  shown i n  F i g u r e  1. 
The r e s i s t i v i t y  of t h e  rod i s  d e t e r m i n e d  by o t h e r  means ( s u c h  as a 
f o u r  p o i n t  p r o b e ) .  The r e s i s t a n c e  o f  t h e  r o d  a n d  c o n t a c t s  i s  
measured across t h e  two e l e c t r o d e s .  The c o n t a c t  r e s i s t a n c e  i s  
L RC = R -  P x  
where  R = t o t a l  r e s i s t a n c e  i n  R 
P = r e s i s t i v i t y  o f  t h e  
s i l i c o n  m a t e r i a l  i n  9cm 
L = l e n g t h  o f  r o d  i n  c m  
A = a r e a  o f  c o n t a c t  i n  cm" 
While  t h e  method h a s  t h e  v i r t u e  of a n a l y t i c a l  s i m p l i c i t y ,  i t  id 
e x p e r i m e n t a l l y  somewhat cumbersome and r e q u i r e s  r e s i s t i v i t y  d e t e r -  
\ m i n a t i o n  p r i o r  t o  a t t a c h i n g  c o n t a c t s ,  w i t h  no g u a r a n t e e  t h a t  t h e  
r e s i s t i v i t y  r e m a i n s  unchanged a s  a f u n c t i o n  of t h e  f i r i n g  p r o c e s s .  
I n  o u r  rneasuretnents t h e  series r e s i s t a n c e  between two a d j a c e n t  
s q u a r e s  o f  a s c r e e n e d  s t a n d a r d  p a t t e r n  was used. The  a c t u a l  
c u r r e n t  f l u x  p a t t e r n  i n  s u c h  a c o n f i g u r a t i o n  i s  complex and c a n  be 
1 h a n d l e d  by u s i n g  t h e  formalism of s o u r c e  and s i n k  irnaqes . For o u r  
p u r p o s e s  a n  a v e r a g e  c u r r e n t  p a t h  was e s t i m a t e d ,  the r e s i s t i v i t y  of 
t h e  w a f e r s  wns i n  a f a i r l y  t i q h t  q r o u p  and o n l y  r e l a t i v e  mcasure-  
. . . T-*- ---- 
- , -. --- 
-- - -> . - 4 
. '.C 
ments were requ i red .  Never the less ,  t h e  v a r i a t i o n  i n  r e s u l t s  
I n  d e a l i n g  wi th  d iodes  or s o l a r  c e l l s ,  c o n t a c t  r e s i s t a n c e  i s  
a p a r t  of t h e  series r e s i s t a n c e ,  inc lud ing  I R  drops of semiconductor 
regcons and e l e c t r o d e  reg ions  themselves.  While some of t h e s e  can 
be  measured wi th  d i f f i c u l t y ,  assumptions a s  t o  t h e i r  magnitude 
a r e  usua l ly  made. The series r e s i s t a n c e  can t h e n  be determined 
from an extended I V  curve ( l c g  I v e r s u s  V) by no t ing  t h e  d e p a r t u r e  
2 from t h e  exponen t i a l  diode c h a r a c t e r i s t i c .  Another method u t i l i z e s  
m u l t i p l e  l i g h t  l e v e l s  wi th  series r e s i s t a n c e  measured by t a k i n g  
incrementa l  c u r r e n t s  and no t ing  t h e  s h i f t  i n  corresponding t e rmina l  
3 
v o l t a g e  . (See Figure 2 ) .  None of  t h e  above methods were cons idered  
opt imal  f o r  t h i s  i n v e s t i g a t i o n .  Therefore ,  a l i t e r a t u r e  s tudy was 
undertaken t o  f i n d  a b e t t e r  method. 
-- - ---  
L 
METAL CONTACTS 
Fig. 1. Simple Resistance - Contact Resistance 
Measurement 
I 
Fig. 2. Series Resistance Measurement by 
Illumination Level Change 
( L .  D .  Swanson's Method) 
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3.1 Contac t  R e s i s t a n c e  Measurement Method 
A r e f e r e n c e  was found t o  a c o n t a c t  r e s i s t a n c e  measurement 
proposed by W .  Shockley. The method was des igned t o  accom- 
modate f i e l d  e f f e c t  t r a n s i s t o r s  and was d e s c r i b e d  by Hower e t  a14. 
The measurement scheme is  w e l l - s u i t e d  t o  c o n t a c t  r e s i s t a n c e  
e v a l u a t i o n  of e l e c t r o d e s  o r  e l e c t r o d e  a r r a y s  on s o l a r  ce l l  mate- 
r i a l  p r i o r  to  cel l  p r o c e s s i n g ,  pn- junct ion  format ion ,  etc. S i n c e  
t h e  e x i s t e n c e  of  a conduct ing  s h e e t  on t h e  o p p o s i t e  s i d e  of  t h e  
wafer  would s e v e r e l y  a l t e r  t h e  c u r r e n t  f l u x  d e n s i t i e s  and c o n t o u r s ,  
t h e  test would he l e s s  s u i t a b l e  f o r  completed s o l a r  cells.  While 
t h e  dimensions of  t h e  semiconductor l a y e r  and e l e c t r o d e s  a r e  q u i t e  
d i f f e r e n t  i n  t h e  case of  t h e  s o l a r  cel l  exper iments  from t h e  
o r i g i n a l  FET d e s i g n s ,  t h e r e  a r e  no fundamental r easons  why t h e  
meas~remen t  should  n o t  work f o r  o u r  purposes .  The method can  
b e s t  be  i l l u s t r a t e d  by F i g u r e  3. F i g u r e  3 (a)  shows a c o n t a c t  
meta l  l a y e r  on a semiconductor wafer  w i t h  dimensions x and z (wi th  
y dimension a r b i t r a r y ) .  The schemat ic  (b )  below ( a )  c o n s i d e r s  
t h e  semiconductor a c h a i n  of  s h e e t  r e s i s t a n c e s  % ( i n  u n i t s  o f  
ohms per squa re )  connected t o  t h e  grounded meta l  c o n t a c t  by 
c o n t a c t  r e s i s t a n c e s  Rc i n  l a d d e r  network f a sh ion .  S i n c e  t h e  
metal  r e s i s t a n c e  i s  ve ry  s m a l l  compared t o  t h e  o t h e r  r e s i s t a n c e s  
involved ,  i t  may be n e g l e c t e d  i n  t h i s  fo rmula t ion .  The c u r r e n t  
I f lowing through t h e  semiconductor wafer  e n t e r s  t h e  r e g i o n  below 
t h e  meta l  c o n t a c t  a t  x = 0. A p o r t i o n  of  t h e  c u r r e n t ,  A1 e n t e r s  
t h e  e l e c t r o d e  through Rc and d imin i shes  t h e  wafer  c u r r e n t  I .  Th i s  
Physical 
a) 
Schematic 
b) 
METAL 
SEMI 1 CONDUCTOR 0
Potential 
~istribution x 
c) V ( X )  = vO exp ( -  t) T 
X 
x = o  
Fig. 3. Metal Semiconductor Contact 
r e s u l t s  i n  a p o t e n t i a l  d i s t r i b u t i o n  V(x) given by Figure 3 ( c ) .  
The d i f f e r e n t i a l  equation descr ibing the  s t a t e d  condit ions  i s  
with s o l u t i o n  
where LT 5 Transfer length 
All other  q u a n t i t i e s  were previous ly  def ined.  
3.2 C o n t a c t  R e s i s t a n c e  Measurement R e s u l t s  
The method was reduced t o  p r a c t i c e  by d e s i g n i n g  masks shown i n  
F i g u r e  4 .  The c u r r e n t  s o u r c e  and d r a i n  c o n t a c t s  were s q u a r e s  o f  
2 . 5 ~  edge  l e n g t h  spaced  t o  allow p o t e n t i a l  p robe  c o n t a c t s  t o  b e  
p l a c e d  a t  e q u a l  i n t e r v a l s  between them. The small c o n t a c t s  were 
0.25mm wide,  0.6mm long  and p l a c e d  on 0.5mm c e n t e r s .  S e p a r a t e  
masks were f a b r i c a t e d  so t h a t  c u r r e n t  and v o l t a g e  c o n t a c t s  c o u l d  
be  s e p a r a t e l y  s c reened .  
F i g u r e s  5 and 6 show a c t u a l  photomicrographs o f  t h e  e l e c t r o d e  
p a t t e r n s .  
Measurements a r e  performed a s  fo l lows :  A c o n s t a n t  c u r r e n t  s o u r c e  
is connec ted  between t h e  l a r g e  s q u a r e s .  The p o t e n t i a l  o f  t h e  
c o n t a c t  l i n e s  i s  probed  by connec t ing  one o f  t h e  c u r r e n t  e l e c t r o d e s  
on t h e  LOW s i d e  o f  a d i g i t a l  v o l t m e t e r  w i t h  good r e s o l u t i o n  ( 0 . 1  mV 
o r  b e t t e r ) .  The HIGH s i d e  o f  t h e  v o l t m e t e r  i s  t h e n  used  t o  measure 
t h e  p o t e n t i a l  on each  l i n e  e l e c t r o d e .  The p o t e n t i a l  measurements 
V ( X )  a r e  t h e n  p l o t t e d  as t h e  o r d i n a t e  a g a i n s t  t h e  d imens ion le s s  
a b s c i s s a  x .  The t r a n s f e r  l e n g t h  i s  o b t a i n e d  by e x t r a p o l a t i n g  
t h e  s t r a i g h t  p o r t i o n  o f  V(x)  beyond x=O t o  V(x)  = 0. P h y s i c a l l y ,  
t h e  t r a n s f e r  l e n g t h  i s  t h e  d i s t a n c e  t h a t  t h e  c u r r e n t  must f low 
under  t h e  c o n t a c t  b e f o r e  0.6321 i s  t r a n s f e r r e d  to  t h e  c o n t a c t .  
The r e s i s t a n c e  Ra can  be c a l c u l a t e d  from 
Figure 4. Masks for Contact Resistance Measurement 
Fig. 5. SO58 s c r e e n e d  c o n t a c t  ] ) a t t e r n  f o r  
c o n t a c t  r e s i s t a n c e  mcasu rcn~cn  t on p o l i s h e d  
s i l i c o n  w a f e r  p r i o r  t o  f ix- i .nc  ( O p t i c a l  micro- 
s c o p e  m a g n i f i c a t i o n  13:-:) . 
F i g .  6 .  SO57 f i r c d  a t  6 0 0 ' ~  i n  a i r  s c r e e n e d  
o n  l apped  s i l i c o n  iz 'afer .  Scratches o n  c o n t a c t  
p a t t e r n  i n d i c a t e  p r o b i n q  f ran; !)rc~'iot!s measu remen t .  
where AV = t h e  v o l t a g e  drop a long 
i n  V o l t s  
L 2 l e n g t h  ( i n  cm)  of  p o r t i o n  
of  the a r r a y  c a r r y i n g  
I E c u r r e n t  i n  amps 
Z/L E number of squares  i n  
i n t e r v a l  L (dimension- 
less) 
The c o n t a c t  r e s i s t a n c e  Rc ( i n  ncm2) i s  ob ta ined  from t h e  r e l a t i o n  
2 Rc = L* Ra. 
I n i t i a l  measurements were p l o t t e d  t o  g a i n  f a m i l i a r i t y  w i t h  t h e  
method. The best s t r a i g h t  l i n e  was drawn through t h e  v o l t a g e  
p o i n t s  and t h e  i n t e r c e p t  on t h e  x  a x i s  gave t h e  t r a n s f e r  l e n g t h  
LT. SubsequentlyI  a  program was used t o  o b t a i n  t h e  equa t ion  of 
t h e  l i n e  us ing  a  r e g r e s s i o n  c o e f f i c i e n t  t o  provide  a  measure of  
t h e  degree  of f i t  (K = 1 is  t h e  best o b t a i n a b l e ) .  Data and p l o t s  
f o r  SO57 f i r e d  a t  550°C and 600°C i n  n i t r o g e n  are given i n  t h e  
appendix. Resu l t s  f o r  5057, S058, and SO59 have g iven v a l u e s  of 
c o n t a c t  r e s i s t a n c e  from t h e  mid lo- '  ncm2 t o  mid l o - '  ncm2.  
4.0 EUTECTXC POWDER DOPING 
4.1  T h e o r e t i c a l  C o n s i d e r a t i o n  
The r equ i r emen t  f o r  l o w  r e s i s t a n c e  ohmic c o n t a c t s  makes a h e a v i l y  
doped semiconductor  s u r f a c e  under  t h e  c o n t a c t  d e s i r a b l e ,  because 
o f  t h e  narrowing o f  t h e  metal-semiconductor  p o t e n t i a l  b a r r i e r  
as t h e  doping c o n c e n t r a t i o n  i n c r e a s e s .  Screened  b a s e  m e t a l  
c o n t a c t s  f o r  solar cells a r e  p r e p a r e d  a t  r e l a t i v e l y  l o w  tempera- 
t u r e s .  Thermal d i f f u s i o n  o f  doping atoms d u r i n g  t h e  e l e c t r o d e  
s i n t e r i n g  p r o c e s s  is  n o t  l i k e l y  t o  p rov ide  t h e  r e q u i r e d  s u r f a c e  
p r o p e r t i e s ,  s i n c e  the rma l  e n e r g i e s  may n o t  be  adequa te  to  pene- 
t r a t e  s u r f a c e  b a r r i e r s  a t  such  low t empera tu re s .  
An a l t e r n a t i v e  method o f  p r o v i d i n g  t h e  ohmic c o n t a c t  u t i l i z e s  
an e p i t a x i a l  d e p o s i t i o n  o f  h i g h l y  doped semiconductor  l a y e r s  on 
t h e  c l e a n  s i l i c o n  s u r f a c e .  T h i s  i s  done by h e a t i n g  a e u t e c t i c  
compos i t ion  of  s i l i c o n ,  o r  germanium w i t h  aluminum. Mel t ing  
o c c u r s  close t o  t h e  e u t e c t i c  t empera tu re  minimum (Si-A1 577OC, 
G e - A 1  4 2 4 O C ) .  I f  t h e  compos i t ion  of  t h e  m a t e r i a l  i s  semiconductor  
r i c h  ( exces s  of G e  o r  S i ) ,  t h e  e x c e s s  w i l l  go i n t o  s o l u t i o n  i n  
t h e  m e l t  i n  accordance  w i t h  t h e  composi t ion d i c t a t e d  by t h e  
l i q u i d u s  l i n e  of  t h e  phase  diagram of  F i g u r e s  7 and 8.  The semi- 
conductor  e x c e s s  can  b e  p r o p o r t i o n e d  such t h a t  it is  comple t e ly  
d i s s o l v e d  i n  t h e  m e l t  a t  t h e  s i n t e r i n g  t empera tu re .  A s  tempera- 
t u r e  d e c r e a s e s ,  t h e  compos i t ion  v a r i e s  c o n t i n u o u s l y  a s  t h e  
i so the rm i n t e r s e c t i o n  w i t h  t h e  l i q u i d u s  l i n e .  Excess  semiconductor  
Fig. 7. Phase diagram of the aluminum-silicon 
system. 
Figure 8. Phase diagram of t h ~  aluminum-germanium 
system 
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material no longer supported in solution, precipitates on 
convenient nucleation sites. The freshly wetted silicon 
surface presents such sites. The material depositing epi- 
taxially, contains its solid lolubility limit of aluminum 
concentration ( 5 . 1 0 ~ ~  ~ l / c m ~ ) .  
The Schottky barrier generated by the metal-semiconductor contact 
has a width (t) varying as a function of the doping density (N) 
such that t N -12. The contact resistance is inversely propor- 
tional to the tunneling currer)t which varies as exp (-~st*@l/~t). 
The barrier height ( 4 )  is usutrlly about 2/3 of the energy gap, 
5 
in n-type silicon according to Spitzer and Mead Therefore 
the metal barrier to silicon can be taken as 0.72 eV and to 
germanium 0.44 eV, in n-type and 1/3 Eg in p-type giving 0.38 eV 
and 0.25 eV respectively. 
The contact resistance of copper-silicon can be calculated to be 
4 2 3 * 1 0 - ~ ~ c m ~ ,  and that of copper-germanium 2.10 Rcm using thermionic 
6 
field emission theory with reasonable assumptions . The lower 
resistance in the case of germanium results from the lower 
barrier. In addition to providing a lower contact resistance the 
germanium eutectic has the advantage of a lower melting point, 
permitting lower temperature processing. 
The energy l e v e l  diagram f o r  a e u t o c t i c  sil icon-aluminum 
regrowth l a y e r  on s i l i c o n  is  shown i n  F igure  9. The meta l  is  
shown on t h e  l e f t  s i d e  of  v e r t i c a l  coord ina te  a x i s ,  t h e  regrown 
s i l i c o n  con ta in ing  5 . 1 0 ~ ~  Aluminum atom. p e r  an3 on t h e  t i g h t .  
The d e p l e t i o n  width is 778 and t h e  b a r r i e r  h e i g h t  is  0.25eV, 
t r u n c a t e d  somewhat by t h e  e f f e c t  of image f o r c e s .  The c a l c u l a t e d  
2 
s p e c i f i c  c o n t a c t  r e s i s t a n c e  f o r  t h i s  s t r u c t u r e  is 1 . 6 * 1 0 - ~ ~ c m  a t  
3OO0C. 
Figure 9 
4.2 Powder Preparations 
Aluminum-silicon and aluminum-germanium alloys were prepared 
by melting sizable chunks of the elements in a tube furnace 
with a flowing hydrogen atmosphere. The temperatures were 
about 200°C above the eutectic melting points, and the flow 
rate was 1.5 liters/min. A photograph of the eutectic alloys, 
as removed from the crucibles, is shown in Figure 1Q Previous 
attempts to alloy mixed powders of the constituent metals in the 
same way were unsuccessful (see Figure 11). The solidified alloys, 
were mechanically cleaned of dark dross residues on the free 
surface and were reduced to -#325 mesh powders by crushing and 
milling. They were then combined with other constituents of all 
metal inks. 
F i g u r e  l r \  Aluminum-si l icon ( l e f t )  and  aluminum-germanium 
( r i g h t )  powders ,  i n  t h e  e u t e c t i c  r a t i o  a f t e r  
f i r i n g  i n  hydrogen ,  a s  removed from c r u c i b l e s .  
F i g u r e  11 Aluminum-si l icon ( t o p )  and  a l lminun-~re rmanium 
( b o t t o m )  e u t c c t i c  allo::s, f i r e d  i n  hydrocjen, a s  
renloved from c r u c i b l e s .  
4.2.1 F a b r i c a t i o n  o f  Germanium-Antimony E u t e c t i c  Powder 
I n i t i a l  a t t empts  t o  produce e u t e c t i c  a l l o y s  i n  a n i t r o g e n  
atmosphere wi th  germanium ( G e )  and aluminum (All a s  w e l l  a s  
antimony (Sb) powders r e s p e c t i v e l y ,  were considered  unsuccess fu l  
because of  e x c e s s i v e  ox ida t ion .  The a t t empt  was repea ted  us ing  
a tube  fu rnace  wi th  a hydrogen atmosphere coc t inuous ly  f lowing 
p a s t  t h e  sample (cour tesy  Applied S o l a r  Energy Corp.) . The 
c o n s t i t u e n t s  were weighed (11% G e  i n  S b ) ,  mixed and packed i n  
a Pyrex beaker.  The beaker  w a s  i n s e r t e d  through a flame 
c u r t a i n  i n t o  t h e  q u a r t z  tube  of  t h e  fu rnace  and p laced  i n  a 
r e l a t i v e l y  c o o l  p o s i t i o n .  The beaker  remained f o r  f i v e  minutes 
l i t e r  i n  t h e  w a r m  hydrogen stream (20.5 r )  t o  a l low purging t h e  
powder of  a major p o r t i o n  o f  t h e  ent rapped a i r .  Then t h e  beaker  
w a s  p u l l e d  i n t o  t h e  c e n t e r  of  t h e  fu rnace  which had e q u i l i b r a t e d  
a t  624OC and allowed t o  remain f o r  15 minutes.  A f t e r  i n s e r t i o n ,  
t h e  powder s e p a r a t e d  i n t o  two equa l  p o r t i o n s  ( v e r t i c a l l y ) ,  wi th  
a gas  space  i n  between. A f t e r  two minutes i n  t h e  h o t  zone t h e  
gas space  co l l apsed  and d e n s i f i c a t i o n  was observed. A f t e r  me l t ing  
w a s  v i s i b l e ,  t h e  p rocess  went t o  completion i n  two minutes.  A 
b lack  powder d r o s s  was found on t o p  of  t h e  meta l  bu t ton .  The 
d r o s s  was removed and t h e  meta l  was found t o  be  q u i t e  b r i t t l e  
and could  e a s i l y  be reduced t o  a coarse  g r a i n e d  powder wi th  a 
hammer i n  a p l a s t i c  bag. F u r t h e r  r e d u c t i o n  i n  g r a i n  s i z e  was 
e a s i l y  accomplished w i t h  a mor tar  and p e s t l e .  
S o l a r  C e l l  Experiments With S i l v e r  I n k s  With E u t e c t i c  
Addi t ives  
A s o l a r  cell  experiment  was done a t  t h e  premises of  Applied 
S o l a r  Energy Corpora t ion  wi th  t h e  coopera t ion  of  P.A. Iles and 
o t h e r s .  S ince  t h e  antimony f r a c t i o n  of t h e  i n k s  is  h i g h l y  
s u s c e p t i b l e  t o  o x i d a t i o n ,  t h e  i n k  f i r i n g  o p e r a t i o n s  were done 
i n  f lowing hydrogen (10 minu tes ) .  Upon i n s e r t i o n  of t h e  cells 
it was noted t h a t  t h e  screened back c o n t a c t  sometilnes l i f t e d  and 
c u r l e d  up. S i m i l a r l y  t h e  adhesion of  t h e  f r o n t  c o n t a c t  w a s  very 
poor i n  some c a s e s ,  coming o f f  whi le  mainta in ing i d e n t i t y  a s  
g r i d  l i n e s  or c o l l e c t o r  busses .  
I n  a previous  experiment a  s i m i l a r  r e s u l t  was observed wi th  an 
antimony con ta in ing  ink  (5034) .  The exp lana t ion  a t  t h a t  t i m e  
was thought  t o  be  t h e  formation of a  e u t e c t i c  l i q u i d  (antimony- 
s i l v e r ) ,  mel t ing  a t  485OC wi th  44% antimony. I t  was f e l t  t h a t  
t h e  s u r f a c e  t e n s i o n  r e s u l t i n g  from t h e  a d d i t i o n a l  l i q u i d  might 
overcome t h e  adhesion t o  t h e  s i l i c o n .  The q u a n t i t i e s  involved 
make t h i s  hypo thes i s  weak: 
Pb ( l i q ~ i d )  5 w t %  
(Sb 0.1 w t %  + Ag 0 . 1  w t % )  ( l i q u i d ) .  
The a d d i t i o n a l  amount of l i q u i d  can only  be 
O w 2  Ag(+ Sb) 
= -04 o r  4 w t %  of t h e  l i q u i d .  5.0 Pb 
The o t h e r  i n k  u t i l i z e d , S 0 5 9 ,  conta ined Ge-A1 e u t e c t i c  and ga l l ium 
c h l o r i d e .  
P r i n t  f ragments  from t h e  l i f t e d  e l e c t r o d e s  were mounted and 
s u b j e c t e d  to  SEM examina t ion .  F i g u r e 1 2  shows SO34 (5% Pb, 
2% AgF, 93% Ag, 0.1% Sb)  a t  v a r i o u s  m a g n i f i c a t i o n s :  200X, 
1000X, 5000X and 10,000X. The appearance  seems t o  s u p p o r t  t h e  
above h y p o t h e s i s  showing a con t inuous  s h e e t  o f  metal w i t h  h i g h l y  
o c c a s i o n a l  p o r e s  which i m p l i e s  m e l t i n g .  T h i s  is q u i t e  d i f f e r e n t  
from t h e  l a c y  m a t r i x  o f  s i n t e r e d  s i l v e r  g r a i n s  which are t y p i c a l  
f o r  t h e s e  e l e c t r o d e s .  A t  t h e  l a s t  t w o  m a g n i f i c a t i o n s  t h e  r o d  
shaped s t r u c t u r e s  can  be  s e e n  which were p r e v i o u s l y  i d e n t i f i e d  
7 
a s  t h e  p r e c i p i t a t e d  l e a d  . 
The appearance  o f  t h e  o t h e r  e l e c t r o d e s  is d i f f e r e n t  and F i g u r e 1 3  
shows p o r t i o n s  from a p r i n t  o f  SO63 ( m a s t e r p a s t e  w i t h  germanium- 
antimony e u t e c t i c  and p robab ly  o x i d e s )  a t  i n c r e a s i n g  magn i f i ca -  
t i o n s ,  510X and 5100X r e s p e c t i v e l y .  The c o l o r  d i f f e r e n c e  c o u l d  
b e  due t o  o x i d e  m i x t u r e s ,  b e a r i n g  i n  mind t h a t  t h e  imaging 
c u r r e n t  o f  t h e  SEM d e r i v e s  from seconda ry  e l e c t r o n  y i e l d  r a t e ,  
which c o u l d ,  i n  t u r n ,  b e  caused  by c h a r g i n g  e f f e c t s .  I n  any 
case t h e  ' s o l i d  s h e e t '  n a t u r e  o f  t h e  p r e v i o u s  p i c t u r e s  i s  a b s e n t  
and w e  have a t y p i c a l  s i n t e r e d  s t r u c t u r e .  The o c c a s i o n a l  h o r i -  
z o n t a l  r a s t e r  e f f e c t  s e e n  i n  F i g u r e 1 4 i s  an a r t i f a c t  o f  t h e  
i n s t r u m e n t a t i o n .  
The e l e c t r o n m i c r o g r a p h s  from SO59 ( m a s t e r p a s t e  + 5% G e - A 1  e u t e c t i c  
+ 1% g a l l i u m  c h l o r i d e )  appea r  to  b e  a combina t ion  o f  t h e  p r e v i o u s  
p i c t u r e s .  ~ i g u r e  1 4  shows m a g n i f i c a t i o n  o f  1000X, 5000X and  
10,000X o f  t h e  s u b j e c t  p e e l e d  e l e c t r o d e .  The d i s c o l o r a t i o n  e f f e c t  
Fig. 12 Photomicrograph of peeled electrode print 
SO34 f i r ed  i n  hydroqen at 650°C  taken on 
Cambridge SEM 
F i g . 1 4 .  Photomicrographs of  p e e l e d  
e l e c t r o d e  of p r i n t  SO54 f i r e d  i n  
hydrogen a t  650°C t a k e n  on Cambridge 
- 2 5 -  SEM 
is t h e  same a s  i n  t h e  c a s e  o f  S 0 6 3 ,  suppor t ing  t h e  c o n t e n t i o n  
o f  oxide  mixture ,  b u t  t h e  e l e c t r o d e  appears  o v e r s i n t e r e d  wi th  
few voids .  
S i n c e  t h e s e  experiments  were done, s e v e r a l  c l u e s  made it l i k e l y  
t h a t  t h e  furnace  tempera ture  i s  i n  f a c t  h i g h e r  than  i n d i c a t e d .  
This  was indeed t h e  c a s e  a s  shown by p r o f i l i n g  t h e  fu rnace  
wi th  a c a l i b r a t i o n  thermocouple, which showed t h e  c e n t e r  s e c t i o n  
t o  run  almost  160°C h o t t e r  than  t h e  set p o i n t .  T h i s  w i l l  be 
d i scussed  i n  f u r t h e r  d e t a i l  i n  s e c t i o n  6.2.  I t  is t h e r e f o r e  
l i k e l y  t h a t  t h e  i n k s  reached a p o i n t  on or nea r  t h e  l i q u i d u s  
l i n e  f o r  t h e  p a r t i c u l a r  phase diagram. 
Analys is  of E l e c t r i c a l  C h a r a c t e r i s t i c s  
C e l l s  t e s t e d  c o n s i s t e d  of f o u r  c o n t r o l s  wi th  ti tanium-palladium- 
s i l v e r  (Ti-Pd-Ag) evapora ted  f r o n t  and back c o n t a c t s  s i n t e r e d  
a t  600°C and 650°C r e s p e c t i v e l y ,  t h r e e  t e x t u r e d  f r o n t  s u r f a c e  
cells and t h r e e  cells wi th  r e g u l a r  po l i shed  f r o n t  s u r f a c e s .  A l l  
o f  t h e  s u r v i v i n g  cells had Ti-Pd-Ag evapora ted  back c o n t a c t s  and 
were f i r e d  a t  600°C o r  650°C i n  hydrogen. The o r i g i n a l  curve 
t r a c e s  are reproduced i n  t h e  Appendix 2 .  
Of t h e  foul  c o n t r o l  cells,  two showed sha rp  dec reases  i n  open 
c i r c u i t  v o l t a g e ,  which was an even more s e r i o u s  problem i n  t h e  
exper imenta l  c e l l s .  This  might be due t o  a  junc t ion  process ing  
problem r e s u l t i n g  i n  s p o t t y  low shunt  r e s i s t a n c e .  The r e s t r i c t e d  
number of cells i s  due t o  a c e l l  a v a i l a b i l i t y  problem a t  t h e  
t i m e  t h e  experiment  was run.  
A l l  t h e  exper imenta l  c e l l s  had poor open c i r c u i t  v o l t a g e s .  The 
c e l l s  f i r e d  a t  650°C showed open c i r c u i t  v o l t a g e s  about  h a l f  of 
those  f i r e d  a t  600°C, i n d i c a t i n g  more severe  shun t ing  a t  t h e  
h igher  temperature.  L i k e w i s e ,  t h e  ink  con ta in ing  t h e  hydrogen- 
r e a c t e d  Ge-Sb e u t e c t i c  gave much h igher  open c i r c u i t  v o l t a g e  than 
t h e  n i t r o g e n - a i r  r e a c t e d  m a t e r l a l  (See Table 1). 
Five percent of this material was combined with masterpaste SO32 
(93% Ag - 5% Pb and 2% AgF) to result in SO64 for use on the 
phosphorous diffused layer. Other inks tried in this experiment 
were SO63 (composition similar to SO64 but with the eutectic 
alloyed in air) and 5059, a p-type ink with a 5% germanium- 
aluminum eutectic and 1% gallium chloride. The Ge-A1 eutectic 
is also suspect since it was reacted in a nitrogen atmosphere 
containing unknown amounts of room air. 
T a b l e  1 .  E l e c t r i c a l  R e s u l t s  
PASTES TEMPERATURES 
6OO0C 650°C 
Isc (A)  V o c  (V) Isc (A)  VOC (v) 
SO63 -- -- 
SO64 . 4 1  . 2 6  
C o n t r o l s  . 5 8  . 5 6  
C o n t r o l s  . 5 8  . 2 7  
5.0 METAL SYSTEM CONSIDERATIONS 
5.1 Erratum 
A letter was rece ived  from D r .  Howard Goldman of the U n i v e r s i t y  
of  Pennsylvania sugges t ing  t h a t  t h e  vapor p r e s s u r e  curve  Lor 
AgF publ ished i n  t h e  f i r s t  Q u a r t e r l y  r e p o r t  ( Jan .  79) and t h e  
F i n a l  r e p o r t  (Apr. 79) was i n  error. The displacement  between 
t h e  s o l i d  and t h e ' l i q u i d  p o r t i o n s  of t h e  curve  is u n l i k e l y  f o r  
a n a t u r a l  phenomenon. H e  fouild an e r r o r  i n  t h e  c i t e d  r e f e r e n c e  
and supp l i ed  a value  which r e s u l t s  i n  i n t e r s e c t i o n  o f  t h e  two 
curve  boundar ies  a t  t h e  mel t ing  p o i n t .  A r e p r e s e n t a t i o n  of  
t h e  curve c a l c u l a t e d  from t h e  new va lues  is  shown i n  F igure lS .  
Figure  15 
CORRECTED*VAPOR PRESSURE OVER SILvEa FLUORIDE 
PRESSURE Vapor over  l i q u i d  
--I. 023 1 0 4 / ~ o K  + 5 . 9 9  
aCIPX0CAL ABSOLUTE TE?IPERATURE 
L a 1 I t I L 1 1 
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* H .  Goldman, Private Comm. ( Sep 1979 ) 
5 .2  Survey of Binary Al loys  of S i lve r -Nicke l  and Copgex 
The s i l v e r - l e a d  and s i l v e r - t i n  systems have been i n v e s t i g a t e d  
p rev ious ly*  wi th  good resu l t .  i n  t h e  care of s i l v e r - l e a d ,  l e a d i n g  
to  low tempera ture  l i q u i d  phase s i n t e r i n g .  I n  view of  t h e  above 
it is u s e f u l  t o  review t h e  phase diagram of t h i s  system, Fig.  16, 
and p l o t  t h e  s o l u b i l i t y  curve ,  F ig .  17. 
Fig.  16. E q u i l i b r i m  Phase Diagram of 
Si lver-Lead System. 
The s o l u b i l i t y  of s i l v e r  i n  the  l e a d  r i c h  melt can b e  o b t a i n e d  
f rom the l o c u s  o f  the i n t e r s e c t i o n s  of i s o t h e r m s  w i t h  t h e  l i q u i d u s  
curve. 
SILVER DISSOLVED 
IN LIQUID LEAD 
Weight  % 
1 I 1 , TEMPERATURE 
300 350 400 450 500 550 600 650 "C 
Fig. 1 7 .  S o l u b i l i t y  Curve  o f  S i l v e r - L e a d  Sys tem.  
The s o l u b i l i t y  of s i l v e r  i n  l i q u i d  l e a d  i s  q u i t e  l a r g e .  
F i g u r k  1 8  shows t h e  p h a s e  d i a g r a m  o f  t h e  n i c k e l  t i n  s y s t e m  and  
F i g .  19 t h e  c o r r e s p o n d i n g  s o l u b i l i t y  p l o t .  I t  -an be s e e n  t h a t  
t h e  s o i u b i l i t y  o f  s i l v e r  i n  l e a d  a t  400°C i s  a l m o s t  e x a c t l y  o n e  
o r d e r  of m a g n i t u d e  h i g h e r  t h a n  t h e  n i c k e l  s o l u b i l i t y  i n  t i n  a t  
400°C. On t h e  b a s i s  o f  s o l u b i l i t y  o n l y ,  t h e  n i c k e l  t i n  s y s t e m  
d o e s  n o t  h a v e  a h i g h  p r o b a b i l i t y  of s u c c e s s ,    ow ever, it  was 
found  s u b s e q u e n t l y  t h a t  s o l u b i l i t y  i s  n o t  t h e  sole p a r a m e t e r  i n  
g e t t i n g  good m a t e r i a l  t r a n s p o r t ,  r e s u l t i n g  i n  g r a i n  g rowth  and a 
c o h e r e n t  c o n t i n u o u s  s t r u c t u r e .  
- 3 2 -  
Fig.  18 .  Equilibrium Phase Diagram of Nickel-Tin System. 
NICKEL DIFSOLVED 
IN LIgUID TTN 
I WEIGHT % 
Fig.  1 9 .  So lub i l i t y  Curve of Nickel-Tin System. 
The phase diagram of  nickel - lead is  shown i n  Figure 2 0 .  I t  can 
be seen that  a  considerable m i s c i b i l i t y  gap e x i s t s .  The s o l u b i l i t y  
of nickel  i n  the lead m e l t  is  given i n  F ig .  21 and i s  r e l a t i v e l y  
low up t o  qui te  high temperatures. 
ATOMIC PER CENT LEA0 n 
Fig. 20 Equilibrium Phase Diagram of Nickel-Lead 
System. 
NICKEL DISSOLVED 
IN LIQUID LEAD 
I WEIGHT % 
I TEMPERATURE 
F ig .  21. S o l u b i l i t y  Curve o f  Nickel-Lead 
System. 
The dashed p o r t i o n  o f  t h e  cu rve  is  e s t i m a t e d  s i n c e  no d a t a  was 
found i n  t h e  l i t e r a t u r e .  
A number o f  n i c k e l  sys tems have more f a v o r a b l e  s o l u b i l i t y  
f a c t o r s ,  however they  are o f t e n  a s s o c i a t e d  w i t h  metals having 
f a i r l y  h i g h v a p o r p r e s s u r e s .  Some o f  t h e s e  a r e  nickel-ant imony,  
n i c k e l - z i n c  and n i c k e l  bismuth.  The phase  diagrams of t h e s e  
9 
systems are reproduced i n  t h e  appendix . 
A phase diagram o f  n i c k e l - s i l i c o n  is  shown i n  F i g u r e  22. 
F i g u r e  22.  The n i c k e l  s i l i c o n  system 
Aside  from i ts  c o m p l e x i t y , i t  shows t h e  tempera ture  o f  t h e  lowes t  
me l t ing  e u t e c t i c s  between s i l i c o n  and nicke1,which should  n o t  be 
approached i n  any f i x i n g  c y c l e s .  While t h i s  i s  an a b s o l u t e  
tempera ture  l i m i t ,  me l t ing  may occur  a t  lower tempera tures  
depending upon o t h e r  a d d i t i v e s  t o  t h e p a s t e  composi t ion such C!S 
al.uminurn and germanium. 
The copper systems were a l s o  examined. The copper-lead phase 
diagram i s  given i n  Figure 23.  
Figure 23.  The equilibrium phase 
diagram for  the copper-lead system. 
The copper s o l u b i l i t y  curve i n  l i q u i d  l e a d  i s  shown i n  F igure  24 .  
Again t h e  s o l u b i l i t y  i s  q u i t e  low u n t i l  cons ide rab le  tempera tures  
are reached.  
COPPER DISSOLVED 
I N  LIQUID LEAD 
WEIGHT % 
6 r 
Figure  24.  Copper s o l u b i l i t y  i n  a l e a d  m e l t  
Other  systems again  showing a h igher  s o l u b i l i t y  of copper can be 
found i n  t h e  appendix. The copper aluminum system may be s i n g l e d  
o u t  a s  an i n t e r e s t i n g  one, a s  it combines a r e l a t i v e l y  h igh m e l t  
s o l u b i l i t y  w i t h  a metal  commonly used a s  doping meta l  i n  p-type 
s i l i c o n .  However t h e  combination of t h e  meta ls  tends  t o  have 
s e v e r e  cor ros ion  problems i n  wet atmospheres.  
In Figure 25 the phase diagram of silicon-copper is given to 
establish the upper temperature limit of thermal processes 
1 involving that system. As can be seen the absolute tempera- 
ture limit of heating the copper silicon system is 802OC, however 
the same caveat applies as was previously mentioned with regard 
to potential temperature depressant additives. 
Figure 25. The Copper Silicon System 
In the use of copper in contact with silicon further comments 
are appropriate. Copper was suspected early in semiconductor 
technology as the major recombination center in germanium and 
10 
silicon (Collins et a1 1 .  Work by the present author in 1957 
indicated that silicon with a high initial copper concentration 
introduced at high temperatures, but undergoing slow cooling 
11 
suffered no minority carrier lifetime degradation . Neverthe- 
less copper in silicon devices has remained suspect for a 
q u a r t e r  century .  A r e c e n t  s tudy  of  t h e  s e v e r i t y  of  v a r i o u s  
i m p u r i t i e s  i n  s i l i c o n  m a t e r i a l 1 2  has  cor robora ted  t h e  a u t h o r ' s  
exper ience .  Another degrada t ion  mechanism a t t r i b u t a b l e  to  
copper i s  i t s  tendency t o  d i f f u s e  r a p i d l y  through t h e  l a t t i c e  
and p r e c i p i t a t e  i n  c l u s t e r s  on d e f e c t s  o r  d i s l o c a t i o n s ,  l e a d i n g  
13  t o  d e c o r a t i o n  of d e f e c t s  (Dash . Therefore  a copper s p i k e  
can be d r i v e n  through t h e  space  charge reg ion  of  a p-n junc t ion  
by a l lowing copper t o  d i f f u s e  and aggregate  on an edge d i s l o c a -  
t i o n  perpendicular  t o  t h e  wafer  and junct ion .  This  can l e a d  t o  
s e v e r e  junct ion  shun t ing ,  p a r t i c u l a r l y  when an a r r a y  of d i s l o c a -  
t i o n s  e x i s t s .  S ince  copper i s  a p a r t i c u l a r l y  r a p i d  d i f f u s e r ,  
d i r e c t  c o n t a c t  between s i l i c o n  and copper should  be avoided. 
The r o l e  of b a r r i e r  meta ls  i s  p r e s e n t l y  being i n v e s t i g a t e d  by 
s e v e r a l  researchers .  I n  any c a s e ,  process ing  s t e p s  and s t r u c t u r e s  
must be c a r e f u l l y  planned i n  t h e  presence of  copper m e t a l l i z a t i o n .  
$ 5.3 Metal P a s t e  P r e p a r a t i o n s  
Although t h e  phase diagrams and so l .ub i1 i ty  curves  d i d  n o t  look 
very favorab le ,  it was decided t o  do experiments  wi th  n icke l - l ead  
and n i c k e l - t i n ,  copper-lead and copper- t in  due t o  t h e  immediate 
a v a i l a b i l i t y  of materials, and t h e  benign c h a r a c t e r  of  l e a d  
(chemical resistance, o x i d a t i o n  r e s i s t a n c e )  i n  our  exper ience  
wi th  t h e  l e a d  s i l v e r  system and o t h e r s .  
Table 2 shows t h e  c o n s t i t u t i o n  o f  a l l  metal  i n k s  compounded dur ing  
t h i s  pe r iod .  
Table 2 
A l l  Metal P a s t e s  Fabr ica ted  
During Cur ren t  Q u a r t e r  
PASTE MASTER SILVER 
CODE 
METAL 
PASTE METAL FLUORIDE FRIT DOPANT 
SO62 SO32 S i l v e r  2 % -- 
63 SO32 S i l v e r  2 % -- 1 0 %  ~ e - ~ f ,  Ga 
64 
5  e - s t *  
SO32 S i l v e r  2 % -- 
65 18 
5% Ge-Sb 
Nickel  
66 11 
5% 
I 
Lead 5 
II 
0 
67 II 
" 10 
11 I 1  0 
68 I t  
" 20 
11 11 0 
69 I t  18 
Tin 5 
I 1  0 
7 0 t l  
" 10 
11 11 0 
7 1 
" 20 
11 II 0 Copper 
72 
Lead 5 
11 II II 11 0 
73 
i 0  
I1  I 1  I 1  0 
7 4 
" 20 
II I 1  If Tin 5 0 
75 Il 11 11 0 
7 6 
" 10 
I 1  $1 II 0 
77 SO32 2 % 0 
" 20 
S i l v e r  
-- 
Lead 5 T i  (Resinate) 
78 Copper 2 % Lead 5 L<.01?% 
7 9 Sd71 Copper 5 % Lead 5 4%A1-Si  
8 0 SO71 
-- 
Copper 
-L 
5 % 
-- 
Lead 5 4% A l - G e  
8  1 -- 
-- -- -- -- 
77% A1-Si 
82 
-- -- 
77% A 1 - G e  
83 N i c k e l  5 3 -- 
8 4 -- If 5 % Lead 10 -- 
* e u t e c t i c  no t  s a t i s f a c t o r y  
6.0 TUBE FURNACE AND GASHANDLING SYSTEM 
A Heavy Duty tube  fu rnace  was acqu i red .  The 3.7 KW fu rnace  is  
designed t o  have a f l a t  tempera ture  zone of approximately 10" 
l eng th  w i t h  a d j a c e n t  h i g h e r  tempera ture  zones compensating for 
e n d l o s s e s .  The fu rnace  is  equipped wi th  a se tpoint , t ime-propor-  
t i o n a l  c o n t r o l l e r ,  mainta in ing tempera ture  w i t h  excurs ions  of  
less than 5OC. Maximum placarded temperature i s  1300°C and t h e  
u n i t  is  e a s i l y  capable  of r each ing  1000°C ( h i g h e s t  temperature 
at tempted s i n c e  a c q u i s i t i o n ) .  A q u a r t z  tube  wi th  an OD of 66mm 
and a l e n g t h  of 5 f t .  (1.5m) occupies  t h e  fu rnace  bore.  Furnace 
and tube  a r e  p i t ched  3' down from t h e  i n l e t  end. Combustible 
gases  can be burned o f f  by a n  i l lumina t ing-gas  b u t t e r f l y  burner  
f u r n i s h i n g  a flame c u r t a i n  a t  t h e  open e x i t  end of  t h e  q u a r t z  
tube .  
F igure  26shows t h e  tube  furnace  and gashand l ing  system. Gases 
a r e  fu rn i shed  from high p r e s s u r e  t anks  wi th  two s t a g e  reducers  
and gauges. The gases  a r e  conveyed t o  sapph i re  b a l l  flow gauges 
wi th  copper tub ing  and through flow va lves .  For t h e  n i t r o g e n  
gas a b a l l  type  flow va lve  is  used and a bellows va lve  is  used 
1 
f o r  t h e  hydrogen. F igure  27shows t h e  c a l i b r a t i o n  curves f o r  
t h e  hydrogen and n i t r o g e n  flow meters  r e s p e c t i v e l y .  The reg ion  
of  i n s t a b i l i t y  i s  due t o  a d e f e c t  i n  t h e  va lve  a t  t h e  h igher  
flow r a t e s .  The flow meters were c a l i b r a t e d  wi th  t h e  a p p r o p r i a t e  
gases  by a l lowing t h e  gas  t o  d i s p l a c e  t h e  water  i n  i n v e r t e d  g l a s s  
L 
c o n t a i n e r s  of known volume, p a r t i a l l y  submerged i n  a l a r g e r  
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c o n t a i n e r .  For each flow r a t e  t h e  time t o  reach a g iven 
volume was measured on a stopwatch. Whi le  t h e  fu rnace  was 
g e n e r a l l y  adequate t o  t h e  t a s k ,  some problems d i d  develop.  
A h e a t i n g  element i n  t h e  i n l e t  zone had t o  be r e b u i l t  due t o  
a s h o r t  c i r c u i t  to  t h e  furnace  s l~e l l .  A b a l l  flow va lve  i n  
t h e  n i t r o g e n  l i n e  a l s o  had t o  bs rep laced .  
6 . 1  Furnace M o d i f i c a t i o n  
During expe r imen t s  w i t h  copper  i n k  f i r i n g  it was no ted  t h a t  
copper  e l e c t r o d e s  tended  to  o x i d i z e  i n  t h e  c o o l i n g  p o s i t i o n  
a f t e r  be ing  p u l l e d  from t h e  f u r n a c e  h o t  zone.  T h i s  was due 
to  t h e  use  o f  a n  open t u b e  end which allowed convec t ion  t o  
c a r r y  a i r  a s  f a r  a s  6"  i n t o  t h e  q u a r t z  t ube .  I n  o r d e r  t o  
e l i m i n a t e  t h i s  problem 12"  of 65mm q u a r t z  t u b i n g  was added t o  
t h e  f u r n a c e  tube .  The back p l a t f o r m  w i t h  t h e  b u t t e r f l y  f lame 
c u r r a i n  was ex tended  t o  accommodate t h e  new tube  end p o s i t i o n .  
6.2  Furnace Temperature P r o f i l i n q  
I n  Sec t ion  4.3 it was s t a t e d  t h a t  t h e  s e t  p o i n t  temperature 
of t h e  tube  furnace  was thought  t o  be  i n  e r r o r ,  i n  connect ion 
wi th  t h e  hydrogen f i r i n g  of s i l v e r  i n k  and t h e i r  a n a l y s i s .  
Subsequently i n  t h e  f i r i n g  of copper i n k s  it aga in  appeared 
t h a t  t h e  meta l  l a y e r s  had reached proximity of a l i q u i d  phase. 
The temperature p r o f i l i n g  of t h e  tube  furnace  had been scheduled 
e a r l i e r ,  b u t  had t o  awai t  a v a i l a b i l i t y  of t h e  equipment. 
P r o f i l i n g  was done wi th  a c a l i b r a t e d  chromel-alumel thermocouple 
of approximately 12 f e e t  l e n g t h  connected t o  a  Leeds and Northrop 
Speedomax s l i d e w i r e  potemtiometer.  Temperatures were recorded 
on a s t r i p  c h a r t  r ecorder .  The e n t i r e  furnace  was c a l i b r a t e d  
a t  two inch  i n t e r v a l s ,  and a t  tempera tures  from 400°C t o  800°C 
( c e n t e r  of f u r n a c e ) .  An e r r o r  temperature was found t o  range 
from 138OC a t  400°C t o  160°C above 500°C. The thermocouple was 
rep laced  as soon as a new one could be acqui red .  Unfor tunate ly  
it i s  n o t  known when t h e  c o n t r o l l e r  thermocouple f a i l e d ,  nor  i f  
t h e  f a i l u r e  was abrup t  o r  g radua l .  The f a c t  t h a t  o u t e r  fu rnace  
c o n t r o l  zones opera ted  a t  a  h igher  temperature (above s e t p o i n t )  
made t h e  v i s u a l  ( c o l o r  temperature)  c l u e s  l e s s  e f f e c t i v e ,  s o  t h a t  
t h e  e r r o r  was no t  observed by t h e  experimenter .  
TABLE 3 
P a s t e  # N i  w t . %  Pb w t . %  Sn w t . %  AgF w t .  % 
Each o f  t h e  s i x  i n k s  was p l a c e d  on t h e  q u a r t z  b o a t ,  i n t o  an 
i d e n t i f i a b l e  p o s i t i o n .  A r e c t a n g u l a r  q u a r t z  s l a b  w i t h  l o n g i t u -  
d i n a l  s lo t s  was used as a b o a t .  Wafers were grouped i n  rows 
a l i g n e d  v e r t i c a l l y  a l o n g  t h e  t u b e  a x i s .  F i r i n g  t empera tu re s  
s t a r t e d  a t  500°C i n c r e a s i n g  i n  50" s t e p s  t o  a maximum of  700°C. 
N i t rogen ,  hydrogen and forming g a s  ( n i t r o g e n  w i t h  10% hydrogen) 
were used.  Gases were a l lowed  t o  f low f o r  f i v e  minutes  maximum 
a t  h i g h  f l o w r a t e s  ( a b o u t  twice normal) b e f o r e  t h e  b o a t  was i n -  
s e r t e d .  
Flow r a t e s w e r e  a s  fo l lows :  
Meter Meter 
S e t t i n g s  
- - l / m  Reading l / m  Reading 
Ni t rogen  o n l y  1 .5  1 4  0 - 
Forming Gas 1 . 2  1 3  0.15 3 . 2  
Hydrosen on ly  0 0.9-5 8-10 
INITIAL EXPERIMENTS WITH NICKEL INKS 
N i c k e l  p a s t e s  SO65 th rough  SO70 were s c r e e n e d  o n t o  u n d i f f u s e d  
N t y p e  s i l i c o n  q u a r t e r  wafe r s  having  a l i g h t l y  e t c h e d  s u r f a c e .  
The r e s i s t i v i t y  o f  t h e  m a t e r i a l  was 4.5 ohm-cm, and  o r i en t a t ion ( l ,O ,O) .  
P a s t e  compos i t ions  are reproduced  f1orn q u a r t e r l y  r e p o r t  # 3  i n  
Table  3 below: 
I n s e r t i o n  of t h e  b o a t  was done i n  t h r e e  s t e p s .  The f i r s t  p o s i t i o n  
was i n  t h e  middle o f  t h e  tube  p o r t i o n  p r o t r u d i n g  from t h e  fu rnace  
r e a r .  The purpose of this s t e p  was t o  a l low a i r  out -gass ing  
( 2  min. 40 sec.). The second p o s i t i o n  was a t  t h e  fu rnace  e x i t  
( c e n t e r  of boa t )  f o r  an  a d d i t i o n a l  2 min. and 40 sec. This  
p o s i t i o n  was in tended t o  be a prebake to  e l i m i n a t e  t h e  p r o p r i e t a r y  
a c r y l i c  b inder .    he b o a t  was then pushed t o  t h e  furnace  c e n t e r  
f o r  8 minutes,  f o r  a t o t a l  c y c l e  t i m e  o f  1 3  minutes and 20 seconds.  
The only  problem encountered i n  t h e  f i r i n g  was a tendency f o r  t h e  
boa t  t o  s t i c k  t o  t h e  tube  a t  t h e  h i g h e s t  temperatures.  The b o a t  
could be knocked loose  by sha rp ly  rapping wi th  t h e  hooked q u a r t z  
rod used f o r  r e t r i e v a l .  
7.1 C h a r a c t e r i z a t i o n  o f  F i r e d  Nicke l  I n k s  
The hydrogen f i r e d  i n k s  gave t h e  l i g h t e s t  g r a y  appearance  w i t h  
forming g a s  and n i t r o g e n  y i e l d i n g  i n c r e a s i n g l y  d a r k e r  s u r f a c e s .  
The specimens were observed  under  an  o p t i c a l  microscope (Wild- 
Heerbrugg) a t  m a g n i f i c a t i o n s  up t o  600X w i t h  and w i t h o u t  p o l a r i z e d  
l i g h t .  A d i s c c l o r a t i o n  was i n  ev idence  i n  t h e  v i c i n i t y  of t h e  
e l e c t r o d e  boundar ies .  The rainbow c o l o r s  made t h i s  band ( s e e n  
a l s o  i n  t h e  hydrogen f i r e d  specimen) a t t r i b u t a b l e  t o  t r a n s p a r e n t  
ox ide .  There  was no ev idence  o f  s i n t e r i n g  i n  any atmosphere o r  
a t  any tempera ture .  T h i s  was confirmed by t h e  subsequent  SEM 
a n a l y s i s .  F i g u r e 2 8  shows an SEM micrograph o f  a g reen  i n k  p r i n t .  
The i n k  i s  SO66 c o n t a i n i n g  10  w t , %  l e a d .  F i g u r e  29 shows i n k  
SO66 f i r e d  i n  hydrogen a t  700°C. 
I n  t h e  use  o f  t h e  20 w t . %  t i n  i n k  S070,  the f i r e d  p r i n t  shows a 
d e f i n i t e  d e c r e a s e  i n  average  p a r t i c l e  s i z e .  S i n c e  n i c k e l - t i n  
forms s e v e r a l  i n t e r m e t a l l i c  compounds, t h i s  can be used t o  r a t i o n -  
a l i z e  t h e  r e s u l t .  
An e l e m e n t a l  s c a n  was done on a SO67 p r i n t  f i r e d  i n  hydrogen a t  
700°C which was t o  have been p repa red  w i t h  20 w t . %  l e a d .  No 
f l u o r e s e n c e  l i n e  could  be p icked  up f o r  t h i s  e lement  which shou ld  
b e  a very  e f f i c i e n t  X-ray producer .  Under t h e  c o n d i t i o n s  o f  t h e  
exper iment  0.15 a t  % Pb shou ld  have been d e t e c t a b l e .  Note F i g u r e  30  
where t h e  l i n e s  are i d e n t i f i e d  i n  t h e  margins .  A s i m i l a r  s c a n  
on SO70 immediately r e v e a l e d  t h e  t i n  l i n e .  (See  r i g u r e  31) . I t  
is in t ended  t o  f o l l o w  up on t h i s  problem a t  a la te r  t i m e .  
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F i g u r e  28 SEM Photomicrograph  o f  g r e e n  SO66 
p r i n t  a t  900X. 
F i g u r e  2 9  SEN Pho tomicrograph  of SO66 p r i n t  f i r e d  
i n  hydrogen a t  700°C for 8 m i n u t e s  a t  950X. 
P h ?  
F i g u r e  30 . Shows a n  X-ray fluoresence of a 
n i c k e l  i e ad  ( 2 0  wt.';) i n k  (SO671  with 1 0 0  
seconds i n t e g r a t i o n  t i m e .  
F i g u r e  3 1  . S i m i l a r  s c a n  of SO70 c o l l t a i n i n g  20% 
Note t h c  prominence of the t i n  l i n e .  
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8.0 INITIAL EXPERIMENTS WITH COPPER INKS 
The fo l lowing copper i n k s ,  prepared p rev ious ly ,  were screened 
unto s i l i c o n  wafers  and f i r e d .  
TABLE 4 
Cu Pb Sn 
Ink ~ e s i g n a t i o n  W t . %  - W t . %  
-
W t . %  
-
1 During t h e s e  e a r l y  experiments  no a t t empt  was made t o  dope t h e  
t m a t e r i a l s  f o r  optimum c o n t a c t  t o  n or p type  s i l i c o n ,  because 
t it was d e s i r a b l e  t o  observe t h e  m e t a l l u r g i c a l  p r o p e r t i e s  a t  t h e  I f i r e d  tempera tures .  The tempera ture  range of exper imenta t ion  
was from 550°C t o  700°C i n  50°C s t e p s  w i t h  t h e  atmosphere t r i e d  
p rev ious ly  on n i c k e l  i n k s  ( H Z ,  N2+0.1H2, N2)  . The appearance 
of hydrogen f i r e d  m a t e r i a l s  was u s u a l l y  coppery-red t o  golden. 
Adhesion on a l l  t h e  hydrogen f i r e d  samples was very  poor.  The 
forming gas  atmosphered p a r t s  w e r e  more v a r i a b l e  i n  appearance,  
sometimes tending towards gray.  Adhesion v a r i e d  from ques t ion-  
a b l e  f o r  t h e  d a r k e r  p a r t s  t o  very poor f o r  t h e  coppery meta l  
d e p o s i t s .  The b e s t  looking e l e c t r o d e s  were p r i n t s  of  SO71 
followed by SO74 f i r e d  i n  hydrogen a t  600°C and 700°C. However, 
t h e s e  e l e c t r o d e s  could be e a s i l y  l i f t e d  from t h e  s i l i c o n  s u r f a c e .  
8 . 1  C h a r a c t e r i z a t i o n  o f  I n i t i a l  Copper F i r i n g  Experiment  
SEM photographs  o f  SO71 and SO74 f i r e d  i n  hydrogen a t  600°C are 
shown i n  F i g u r e s  32 and 33 a t  two m a g n i f i c a t i o n s  r e spec -  
t i v e l y .  They show t h a t  b o t h  copper - lead  and c o p p e r - t i n  materials 
c a n  be s i n t e r e d  a t  r e l a t i v e l y  low t e m p e r a t u r e s .  I n  F i g u r e 3 3  tottom 
(5074) t aken  a t  5600X it  is shown t h a t  t h e r e  i s  a l a r g e r  s p r e a d  
i n  p a r t i c l e  s i z e s  (0.4pm t o  4pm). However, t h e  copper  l e a d  
s t r u c t u r e  is uni form w i t h  con t iguous  g r a i n  bounda r i e s ,  w e l l -  
rounded g r a i n s  i n d i c a t i n g  e x c e l l e n t  s i n t e r i n g  ( F i g u r e s  32 
I t  remains  t o  de t e rmine  t h e  cause  of t h e  poor  adhes ion  of  
hydrogen f i r e d  s t : c ~ c t u r e s ,  which h a s  been observed  i n  a l l  
hydrogen f i r e d  s i l v e r  i n k s .  
R ~ D U C I B T l ~ ~  OF THE 
QR~QMAL PAGE IS POOR 
F i g u r e  32 SEM m i c r o g r a p h  o f  F i g u r e  3 3  SEM m i c r o g r a p h  o f  SO74 
SO71 (Cu+.OSPb) f i r e d  i n  h y d r o -  (Cu+. O5Sn) h y d r o g e n  a t  GOO°C f o r  
gen  a t  600°C f o r  8 minutes 8 m i n u t e s  
SILVER-FLUORIDE-SILICON OXIDE-SILICON INTERACTION 
I N  DIFFERENT ATMOSPHERES 
Pre-oxid ized  p o l i s h e d  s i l i c o n  w a f e r s  w i t h  2500R o f  S i o 2  were 
s p r i n k l e d  w i t h  s i l v e r  f l u o r i d e ,  and s u b j e c t e d  t o  a the rma l  c y c l e  
i n  d i f f e r e n t  a tmospheres  ( n i t r o g e n ,  hydrogen and a i r ) .  The 
the rma l  c y c l e  c o n s i s t e d  of push ing  t h e  specimen i n t o  t h e  t u b e  
f u r n a c e  h e a t e d  to  6 0 0 ° C  f o r  t w o  minutes .  
A d e f i n i t i v e  r e s u l t  o f  t h e  exper iment  was t h a t  t h e  hydrogen f i r e d  
s i l v e r - f l u o r i d e  cou ld  n o t  p a s s  a s c o t c h  t a p e  tes t ,  w h i l e  t h e  
s i l v e r - f l u o r i d e  r e s i d u e  f i r e d  i n  a i r  c o u l d  n o t  be removed w i t h  
R 
an  E x a c t o - k n i f e .  However, s cann ing  e l e c t r o n  micrographs  d id  
n o t  r ep roduce  p r e v i o u s  c o n d i t i o n s .  Whereas p r e v i o u s l y  d e p o s i t s  
were d e f i n i t e l y  metallic ( s i l . v e r )  , r e s i d u e s  behaved s i m i l a r  t o  
i n s u l a t o r s ,  showing c h a r g i n g  e f f e c t s  and i n  some c a s e s  a c t i n g  
l i k e  decomposing l i q u i d s ,  (See Figure341  and l e a v i n g  behind  a 
c racked  s u r f a c e ,  (See F i g u r e  35). I n t e n s i v e  i n v e s t i g a t i o n s  w i t h  
SEM X-ray a n a l y s i s  a t  t h e  Automated Array  Lab a t  J e t  P r o p u l s i o n  
Labora to ry ,  led t o  t h e  s u r p r i s i n g  r e s u l t  t h a t  c o n s i d e r a b l e  
q u a n t i t i e s  o f  sodium !Na) are p r e s e n t  a t  t h e  s u r f a c e .  A subse-  
quen t  w e t  chemica l  a n a l y s i s  showed t h a t  1 2 % ( w t )  sodium was 
p r e s e n t  i n  t h e  s i l v e r  f l u o r i d e  m a t e r i a l  a s  r e c e i v e d  from t h e  
manufac tu re r ,  JPL  a n a l y s i s  showed t h a t  t h e  r a t i o  o f  f l u o r i n e  t o  
sodium was close t o  u n i t y ,  d u r i n g  elementalsc~nningexperiments. 
T h e r e f o r e ,  i t  can  be assumed t h a t  t h e  q l a s s y  a r t i f a c t s  l e f t  
beh ind  on t h e  s i l i c o n  s u r f a c e  a r e  sodium f l u o r i d e  ( m e l t i n g  p o i n t  
9 9 3 O C ) .  
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Figure  34 SEM micrograph of residue of AgF on 
silicon-silicon dioxide reacted at 600°C in 
nitrogen, at magnification 5000X. 
Figure 35 Same as Filjure 34 , cxccpt reacted i~ 
hydrogen, taken at maqnification 900X. 
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10.0 REFIRING OF SILVER --- PASTE ELECTRODES IN IIYDROGEN 
A f u r t h e r  exper iment  d e s i g n e d  to  i n v e s t i g a t e  t h e  lack o f  adhe- 
s i o n  o f  hydrogen f i r e d  p a s t e s ,  d e a l t  w i t h  t h e  ~ i n t e r i n g  process 
i n  a n  a t n o s p h e r e  of hydrogen,  a f t e r  t h e  f l u x i n g  a c t i o n  of t h e  
s i l v e r - f l u o r i d e  decompos i t ion .  For  t h i s  purpose  a p r e v i o u s l y  
s i n t e r e d  s i l v e r  e l e c t r o d e  SO26 was s u b j e c t e d  t o  a h e a t - t r e a t m e n t  
i n  a hydrogen atmosphere  ( 6 0 0 ° C  f o r  10 min . ) .  
F i g u r e  36 shows t h e  p r i n t  a f t e r  t h e  hydrogen t r e a t m e n t  and 
F i g u r e  37 shows t h e  u n t r e a t e d  c o n t r o l s .  Both t h e  t r e a t e d  s p e c i -  
ment and t h e  c o n t r o l s  p a s s e d  a s c o t c h  t a p e  tes t  and a s c r a t c h  
r e s i s t a n c e  test .  
The above expe r imen t s  s u g g e s t e d  t h a t  a two-steo f i r i n g  p r o c e s s  
u t i l i z i n g  an  i n e r t  a tmosphere  f o r  AgF d e c o m ~ o s i t i o n  and hydrogen 
f o r  t h e  s i n t e r i n g  s t e p  might  produce t h e  d e s i r e d  combina t ion  o f  
good adhes ion  and cohes ion .  
Figure 36 SEM m i c r o g r a p h  of 
SO26 (Ag+ .05  Pb) r c f i r c d  i n  
h y d r o g e n  for  1 0  m i n u t e s  
Fic~urcb 37 SC.i  n1icroc;raph o f  
o r i c ~ i n a l  S 0 2 G  p - i n t  used as con-  
t ro l  '-or I'i8111rc~ 3[) 
11.0 TWO STEP FIRING PROCESS 
11.1 Two S t e p  F i r i n g  Experiment of  a S i l v e r  In& 
S i l i c o n  w a f e r s  s c reened  w i t h  SO71 (Cu + 5 w t . %  Pb) were s u b j e c t e d  
t o  1 0  min. h e a t i n g  at 710°C fol lowed by 4 minutes  i n  hydrogen. 
During t h e  change o f  lases t h e  b o a t  was p u l l e d  t o  t h e  f u r n a c e  
e x i t  i n  o r d e r  to  p r e v e n t  an e x c e s s i v e  the rma l  dwe l l  i n  n i t r o g e n .  
The n e a r l y  b l a c k  e l e c t r o d e s  could  be observed through t h e  q u a r t z  
t ube .  S h o r t l y  a f t e r  hydrogen f low commenced they  r e t u r n e d  t o  
a b r i g h t  coppery c o l o r  ( e s t i m a t e d  t empera tu re  of wafer  %300-400°C). 
The e l e c t r o d e s  were ext remely  a d h e r e n t  and c o s m e t i c a l l y  a t t r a c t i v e .  
g r 12.0 FURTHER COPPER PASTE EXPERIMENTS 
1 A second set of experiments was done w i t h  the f o l l o w i n g  i n k s :  
E 
TABLE 5 
A d d i t i o n a l  Copper P a s t e s  
Product  Copper S i l v e r  F l u o r i d e  Lead Dopant 
Code w t %  w t %  w t %  
-
w t %  
SO71 90 (Hudson) 5 5 ----_- 
SO77 99.94 SO32 ( S i l v e r  Master P a s t e )  .06 T i  R e s i n a t e  
SO78 93 (Hudson) 2 5 ------ 
SO79 96 SO71 --- -- 4 E u t e c t i c  A1-Si 
SO80 96 3071 --- -- 4 E u t e c t i c  A1-Ge 
A l l  t h e  above w i t h  t h e  e x c e p t i o n  o f  SO77 were sc reened  a s  l i n e a r  
test  p a t t e r n s  on nominal ly  2 c m  p- type s i l i c o n  w a f e r s  ( s o l a r  cell 
m a t e r i a l ) .  Wafers were t h e n  f i r e d  i n  t h e  two s t e p  f i r i n g  p r o c e s s  
r e p o r t e d  i n  t h e  l a s t  s e c t i o n .  The f l a t  q u a r t z  b o a t  w i t h  w a f e r s  
h e l d  l o o s e l y  i n  grooves ,  was f i r s t  p o s i t i o n e d  close t o  t h e  
fu rnace  e x i t  t o  remove t h e  p a s t e  v e h i c l e  (d ry ing )  i n  n i t r o g e n .  
t 
! Then t h e  b o a t  was p o s i t i o n e d  i n  t h e  c e n t e r  o f  t h e  f u r n a c e  set a t  
b 500°C w i t h  a n i t r o g e n  f low of  1 . 5  l i t e r s / m i n .  f o r  5  minu te s ,  i n  
order to  a c t i v a t e  t h e  s i l v e r  f l u o r i d e .  Subsequent  s i n t e r i n g  
I 
i \ took p l a c e  i n  f lowing  hydrogen a t  50°C i n t e r v a l s  (500°C to  700°C) 
I f o r  8 minutes .  
5 
! 
Figure  38 shows a  sequence o f  SEM photomicrographs o f  copper  i n k  
SO71 f i r e d  i n  t h e  two s t e p  p r o c e s s  a s  a  f u n c t i o n  o f  t empera tu re  i a t  t w o  m a g n i f i c a t i o n s .  I t  can  be  seen  t h a t  a t  t h e  lowest tempera- 
! 
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FIGURE 38 SEM PHOTOMlCROGRAPHS O F  SG71 COPPER I I4K CGNTA I F! I ti5 
5% AGF AND 5% PB, A S  A FUNCTION OF TEMPERATURE. 
BERND ROSS ASSOC 
12-79 
ture (596OC corrected) the grain size is considerable indicating 
a lower firing temperature to be more optimum. 
Figure 39 shows micrographs of paste SO79 and S080. These are 
similar to SO71 except for the 5% additions of eutectics aluminum- 
silicon and aluminum-germanium respectively. On the left hand 
side of Figure 39 is a temperature sequence up to 860°C. The 
highest temperature shows incipient melting which is to be 
expected as the copper-silicon eutectic temperature is 80Z°C. 
The temperature labels on these figures are corrected, based upon 
the temperature profiling {Section 6.2). The target temperatures 
were 500°C, 600°C and 700°C. 
The right column in Figure 39 shows the upper row portion at a 
higher magnification (4800X). The electrode is actually over- 
sintered, approaching the appearance of a solid sheet. The lower 
photograph in this column shows a fired print of S080. This print 
experienced firing conditions similar to the one pictured in the 
top left hand column, but shows even more advanced sintering. 
This suggests that the germanium eutectic addition lowers the 
overall melting point of the paste. 
SO78 employing 2% AgF as scavenger (similar to the silver pastes) 
had poor adhesion. This is in contrast to the silver inks in 
which 2% AgF proved quite adequate for good mechanical bonding. 
Therefore copper paste formulations prepared subsequently always 
employed 5% AgF. 
FIGURE 39 S E \  PHOTOMICROGRAPHS OF COPPER INKS SO79 
CONTAINING 52 AGF, 5% AL-SI EUTECTIC AND 5% PB A S  A 
F l l h l i i  I O N  OF TEIIPERATURE. THE SECOND PHOTO I N  THE RIGHT 
COLUVN SHOWS S I M I L A R  I N K  So80 W I T H  5% AL-GE EuTECTIC 
1 NSTEAD OF S l  L l  CON (COMPARES TO UPPER L E F T  PHOTO) I 
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1 2 . 1  C h a r a c t e r i z a t i o n  
Measurements o f  c o n t a c t  r e s i s t a n c e  were done by t h e  Shockley 
method. The l o w e s t  c o n t a c t  r e s i s t a n c e  de te rmined  i n  t h i s  was 
2 1 * 1 0 - ~ ~ c m  a t  a f i r i n g  t e m p e r a t u r e  o f  600°C. S e r i e s  r e s i s t a n c e  
measurements were o b t a i n e d  from t h e  v o l t a g e  d rops  o f  t h e  c u r r e n t  
b e a r i n g  e l e c t r o d e s .  Lowest ser ies  r e s i s t a n c e s  were on t h e  o r d e r  
o f  6R a t  a  f i r i n g  t e m p e r a t u r e  a t  600°C. 
S o l d e r a b i l i t y  expe r imen t s  were performed w i t h  a s o l d e r i n g  i r o n  
and r o s i n  core 63-37 t i n - l e a d  s o l d e r .  The e l e c t r o d e s  s o l d e r e d  
e a s i l y  and t h e r e  was no tendency  t o  l i f t  t h e ,  copper  l a y e r .  A 
c u r r e n t  e l e c t r o d e  on t h e  l i n e a r  a r r a y  was s o l d e r  c o a t e d  t o  a 
t h i c k n e s s  o f  0.71mm and was t h e n  p r i e d  o f f  w i t h  a n  Exac to  k n i f e .  
Approximately 20% o f  t h e  e l e c t r o d e  a r e a  p u l l e d  s i l i c o n  o u t  o f  
t h e  w a f e r  s u b s t r a t e .  
O p t i c a l  microscope  examina t ion  o f  spec imens  of  S 0 7 1 ,  SO79 and 
SO80 f i r e d  a t  t h e  h i g h e s t  t e m p e r a t u r e s  (700°C) appeared  t o  i n d i -  
c a t e  i n c i p i e n t  m e l t i n g  a s  shown by d i s c o l o r a t i o n  and t h e  e x i s t e n c e  
o f  s m a l l  s h i n y  s p h e r e s .  S i n c e  t h e  b i n a r y  e u t e c t i c s  e x p e c t e d  with 
t h e s e  i n k s  o c c u r  a t  h i g h e r  t e m p e r a t u r e s  (802OC f o r  copper-  
s i l i c o n )  i t  was f e l t  t h a t  f u r n a c e  t e m p e r a t u r e s  may be  i n c o r r e c t  
i n  t h e  d i r e c t i o n  o f  h i g h e r  t e m p e r a t u r e .  
13.0 FURTHER NICKEL I N K  EXPERIMENTS 
The i n i t i a l  n i c k e l  p a s t e  expe r imen t s  d e s c r i b e d  i n  s e c t i o n  7 d i d  
n o t  show any s i n t e r i n g  a c t i o n .  The n i c k e l - t i n  sys t em i n  o u r  
e x p e r i m e n t a t i o n  showed a  p a r t i c l e  s i z e  d e c r e a s e  a s  a  f u n c t i o n  
o f  t empera tu re  which was a t t r i b u t e d  t o  t h e  p o s s i b l e  fo rma t ion  
of n i c k e l - t i n  i n t e r m e t a l l i c s .  While  t h i s  i s  d e f i n i t i v e  n e g a t i v e  
i n f o r m a t i o n ,  r u l i n g  o u t  t h e  u se  o f  t h e  n i c k e l - t i n  sys tem f o r  
a p p l i c a t i o n  to  b a s e  m e t a l  p a s t e s ,  t h e  same p o i n t  c o u l d  n o t  b e  
made f o r  t h e  n i c k e l - l e a d  system.  I n  t h a t  case no s i n t e r i n g  was 
obse rved ,  n o r  cou ld  t h e  l e a d  component (20  w t % )  be d e t e c t e d  i n  
an X-ray f l u o r e s c e n c e  e l e m e n t a l  s c a n .  S i n c e  t h e  d e t e c t a b i l i t y  
l i m i t  f o r  l e a d  w i t h  t h i s i n s t r u m e n t a t i o n  i s  0.15 w t % ,  it w a s  
s u s p e c t e d  t h a t  t h e  l e a d  component was i n a d v e r t e n t l y  l e f t  o u t  
of t h e  p a s t e  m i x .  I t  was t h e r e f o r e  dec ided  t o  r e r u n  t h e  e x p e r i -  
ment and t o  f a b r i c a t e  p a s t e s  S083, and SO84 a g a i n ,  c o n t a i n i n g  
5 w t %  and 10 w t %  l e a d  r e s p e c t i v e l y .  N o  a t t e m p t  was made t o  dope 
t h e s e  i n k s  a s  t h e s e  w e L e  tz h e  m e t a l l u r g i c a l  tests o n l y .  The 
p a s t e s  were s c r e e n e d  u n t o  s i l i c o n  w a f e r s  and f i r e d  by i2.2 t w o  
s t e p  p r o c e s s  d e s c r i b e d  i n  a p r e v i o u s  s e c t i o n .  The t o p  row i n  
F i g u r e  40shows t h e  SEM appearance  o f  t h e  p r i n t s  a f t e r  t h e  n i t r o g e n  
p o r t i o n  o f  t h e  p r o c e s s ,  done a t  658OC f o r  5 minu te s .  (The 
t e m p e r a t u r e  g i v e n  h a s  been c o r r e c t e d  f o r  the thermocouple  error 
r e p o r t e d  i n  s e c t i o n  6.2 . )  The p a r t i c l e  s i z e  a v e r a g e s  abou t  0.3um 
and t h e r e  i s  no e v i d e n c e  o f  s i n t e r i n g ,  i n  t h a t  t h e r e  i s  no c o a l e s -  
cence  o f  g r a i n s .  The bot tom row shows t h e  SEM micrographs  a f t e r  
Figure 40 SEM Photomicrographs of SO84 nickel 
ink containing 5% AgF and 10% Pb upper row fired 
in nitrogen only 5 minutes, lower row in nitroqen 
5 minutes, hydrogen 10 minutes. 
t h e  a d d i t i o n a l  hydrogen f i r i n g  s t e p  (10 minu tes ) .  I n  t h i s  case 
d e f i n i t i v e  s i n t e r i n g  can be observed.  F igure  4 1  shows SEM micro- 
graphs of t h e  same p a s t e  SO84 f i r e d  i n  t h e  two s t e p  p r o c e s s  a t  
h igher  temperature.  S i n t e r i n g  i n  t h e  c a s e  of t h e  760°C tempera- 
t u r e  is q u i t e  adequate wi th  a p a r t i c l e  s i z e  of  ~ 2 p r n .  The middle 
row shows s i g n s  of  being o v e r s i n t e r e d .  
A t  lower magni f i ca t ion  (middle,  l e f t  micrograph) c racks  can be 
seen.  This  can be a t t r i b u t e d  t o  a s t r o n g  bond a t  t h e  s i l i c o n -  
n i c k e l  i n t e r f a c e ,  and low t o l e r a n c e  t o  deformation of t h e  s i n t e r e d  
n i c k e l  s h e e t  due t o  t h e  o v e r s i n t e r e d ,  s o l i d  s h e e t  n a t u r e  of t h e  
e l e c t r o d e .  
The lowest  row of photographs shows a p o r t i o n  of a p r i n t  of SO84 
with  5 w t %  P b  on t h e  r i g h t  s i d e .  The l i n e  spectrum is  shown on 
t h e  l e f t  hand s i d e ,  bottom row. I n  t h i s  case  t h e  l e a d  PbM l i n e  
a t  2.35 K e V  can be seen under t h e  s o l i d  c u r s o r  l i n e .  This  s e r v e s  
a s  a d d i t i o n a l  evidence t h a t  t h e  previous  n i c k e l  paste experiment  
was d e f e c t i v e  i n  t h a t  t h e  f r i t  meta l  l e a d  had been omit ted .  
F igure  4 2  shows views of SO83 and SO84 f i r e d  a t  t h e  same tempera ture .  
The lower micrograph shows a l a r g e r  g r a i n  size, corresponding t o  
t h e  l a r g e r  l ead  a d d i t i o n  (10% a s  compared t o  5 % ) .  T h e  g r a i n  growth 
appears  t o  s c a l e  wi th  t h e  amount of f r i t  metal  ( 2 x )  . 
FIGURE 4 1  SEfl PHOTOMICROGRAPH O F  SO84 N I C K E L  I N K  WITH 
10 WT%  LEAD^ TOP AND MIDDLE ROW, AND SO83 NICKEL,  5 WTW 
LEAD BOTTOM ROW, NOTE PB" LINE AT 2,35 KEV.  
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Figure 42 Comparison between the  SEM micrographs 
of n i c k e l  inks  SO63 5% Pb and SO84 10% a t  same t e m -  
perature and magni f icat ion  (760°C, 9 7 5 x ) .  The lower 
photo wi th  t h e  l a r g e r  lead addi t ion  appears to show 
more grain  growth and coherence.  
14.0 SOLAR CELL EXPERIMENT WITH COPPER INKS 
Only a s i n g l e  solar ce l l  expe r imen t  cou ld  be  run  w i t h  t h e  b a s e  
metal i n k s  i n  t h e  c o n t r a c t  t i m e  remain ing .  P a s t e s  SO79 and SO80 
c o n t a i n i n g  coppe r ,  5  w t %  Pb,  5 w t %  AgF, 5 w t %  A1-Si e u t e c t i c  
and 5 w t %  A 1 - G e  e u t e c t i c  r e s p e c t i v e l y  were s c r e e n e d  o n t o  t h e  
b a c k s u r f a c e s  o f  nomina l ly  2Rcm p t y p e  s o l a r  c e l l  w a f e r s  o f  2 1/4" 
d i a m e t e r .  The phosphorus  d i f f u s e d  cells w i t h  a  nominal j u n c t i o n  
d e p t h  o f  0.3pm had no back s u r f a c e  f i e l d  and a wafe r  t h i c k n e s s  
o f  300pm. The f i r s t  group t r i e d , h a d  a  f r o n t  c o n t a c t  o f  Ti-Pd-Ag. 
I t  was t h e n  de t e rmined  from t h e  c o n t r o l  cells t h a t  t h e  Ti-Pd-Ag 
f r o n t  c o n t a c t  was r e s p o n s i b l e  f o r  j u n c t i o n  s h u n t i n g ,  even a t  
t h e  l o w e s t  f i r i n g  t e m p e r a t u r e s  used (550°C) . T h e r e f o r e  t h e  n e x t  
group o f  cells was s c r e e n e d  and f i r e d  p r i o r  t o  t h e  f r o n t  c o n t a c t  
placement .  
Cells were s c r e e n e d  and f i r e d  i n  a  t u b e  f u r n a c e  a t  t h e  f a c i l i t y  
o f  Appl ied  S o l a r  Energy rcr ;z i -a t ion (ASEC). They w e r e  a c t i v a t e d  
i n  n i t r o g e n  f o r  5  minutes  a n d t h e n s i n t e r e d  i n  hydrogen f o r  8 
minu te s .  A d d i t i o n a l  g roups  were f i r e d  f o r  e q u i v a l e n t  t i m e s  a t  
650°C and 750°C. C e l l s  were p l a c e d  on f l a t  q u a r t z  b o a t s  w i t h  
abou t  20% o f  t h e  wafe r  a r e a  overhanging  t h e  b o a t  edges .  A f t e r  
w i thd rawa l  from t h e  t u b e  t h e  overhanding  segments  o f  t h e  copper  
e l e c t r o d e s  showed s i g n s  o f  o x i d a t i o n .  T h i s  was a t t r i b u t e d  t o  
a  r a t h e r  s h o r t  q u a r t z  t u b e  b e i n g  i n  u se  a t  ASEC. The o x i d a t i o n  
a t  550°C was n o t  s u f f i c i e n t l y  s e v e r e  t o  b e  d e t e c t i b l e  ( e x c e p t  
p o s s i b l y  by comparison t o  a nonoxid ized  copper  s c r e e n e d  w a f e r ) .  
C e l l s  were t h e n  p l a c e d  i n  an AM1 l i g h t  tower and c u r v e  t r a c e d .  
The r e s u l t s  a r e  shown i n  F i g u r e s  43 ,44 ( raw d a t a ) .  Th ree  o f  
t h e  I V  traces a r e  p r a c t i c a l l y  congruen t ,  y i e l d i n g  a b o u t  9.4% 
AM1 e f f i c i e n c y  w i t h o u t  AR c o a t i n g  ( 2 8 ° C ) .  
The maximum I V  c u r v e  (9 .4%)  i n c l u d e s  e l e c t r o d e s  made from bo th  
SO79 (Al-Si e u t e c t i c )  and SO80 ( A l - G e  e u t e c t i c )  showing t h a t  
cel l  c h a r a c t e r i s t i c s  a r e  n o t  l i m i t e d  by e i t h e r  c o n t a c t .  F i g u r e  43 
g i v e s  t h e  test r e s u l t s  o f  cells i n  which t h e  f r o n t  c o n t a c t  was 
a p p l i e d  a f t e r  f i r i n g  t h e  back c o n t a c t .  The ce l l  f i r e d  a t  650°C 
(SO801 i n d i c a t e s  a s e v e r e  l o s s  i n  b o t h  open c i r c u i t  v o l t a g e  and 
s h o r t  c i r c u i t  c u r r e n t  a t  t h a t  t e m p e r a t u r e .  S u r p r i s i n g l y  t h e  
f i l l f a c t o r  i s  s t i l l  r e a s o n a b l y  qood,  O . 5 9 ,  compared t o  0.745 
fcr tile cells f i r e d  a t  550°C, SO80 p a s t e  f i r e d  a t  750°C shows 
a  c a t a s t r o p h i c  d e c r e a s e  i n  open c i r c u i t  v o l t a g e  from 0.585 V to  
0.270 V.  The optimum f i r i n g  t e m p e r a t u r e  f o r  t h e s e  inks remains  
to  b e  de te rmined .  
F i g u r e  44 g i v e s  t h e  c h a r a c t e r i s t i c s  of cells i n  which t h e  f r o n t  
c o n t a c t  e x p e r i e n c e s  t h e  same h e a t  t r e a t m e n t  a s  t h e  back c o n t a c t .  
Note t h a t  t h e  c o n t r o l  ce l l  h a s  t h e  l owes t  maximum power p o i n t  
v o l t a g e  and open c i r c u i t  v o l t a g e .  T h i s  i s  somewhat f o r t u i t o u s  
a s  t h e  o t h e r  cel ls  had a  s i n i i l a r  f r o n t  c o n t a c t  and i d e n t i c a l  
h e a t  t r e a t m e n t .  A d d i t i o n a l  c u r v e s  may be  found i n  t h e  Appendix A . 5 .  
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Time d i d  n o t  permi t  exper imenta t ion  wi th  f r o n t  c o n t a c t s .  I t  
is recommended t o  t r y  t h e s e  p a s t e s  on f r o n t  c o n t a c t s  i n  t h e  
normal f a sh ion  as w e l l  a s  i n  s o l a r  cells wi th  SiOZ and o t h e r  AR 
c o a t i n g s .  S ince  t h e  e f f i c a c y  of t h e  oxide  scavenger f o r  removal 
of S i 0 2  is a m a t t e r  of  r ecord  it is b e l i e v e d  t h a t  a d d i t i o n a l  
process  economics can be  achieved by applying t h e  f r o n t  c o n t a c t  
l a s t .  
15.0 CONCLUSIONS AND PROBLEMS 
A base  m e t a l  c o n t a c t  f o r  solar cel ls  h a s  been demons t r a t ed  
which a p p e a r s  t o  m e e t  t h e  t e c h n i c a l  and  cost o b j e c t i v e s  of  t h i s  
e f f o r t .  Envi ronmenta l  q u a l i t i e s  and l i f e  expec tancy  o f  t h e  
copper  c o n t a c t  remain t o  b e  de te rmined .  F u r t h e r  economies 
a r e  f e a s i b l e  due t o  a  good p r o b a b i l i t y  o f  a l l o w i n g  t h e  f r o n t  
c o n t a c t  t o  b e  a p p l i e d  a f t e r  t h e  AR c o a t i n g .  
M e t a l l u r g i c a l l y  it h a s  been  shown t h a t  t h e  n i c k e l  l e a d  sys t em 
is a good c a n d i d a t e  f o r  a  b a s e  metal c o n t a c t .  
I was shown t h a t f i n  t h e  case o f  c o p p e r , t h e  e u t e c t i c  a d d i t i o n s ,  
a l l o w  good ohmic c o n t a c t  p r o p e r t i e s  f o r  low t e m p e r a t u r e  p r o c e s s e d  
s c r e e n e d  c o n t a c t s .  A t w o  s t e p  p r o c e s s  o f  a tmosphere  f i r i n g  
h a s  g i v e n  good r e s u l t s  i n  t h e  case of  copper  and n i c k e l .  S i l v e r  
c o n t a c t s  f i r e d  i n  t h e  t w o  s t e p  p r o c e s s  t o  m a i n t a i n  t h e  m e t a l l i c  
s t a t e  f o r  t i t a n i u m  and ant imony,  were non-adherent .  
A method f o r  s p e c i f i c  c o n t a c t  r e s i s t a n c e  measurement f o r  s c r e e n e d  
c o n t a c t s  was deve loped ,  b u t  s u f f i c i e n t  e x p e r i e n c e  was n o t  g a i n e d  
t o  a l l o w  r a t i n g  i t s  c r e d i b i l i t y  and accu racy .  T h i s  was due t o  
con t inued  ma l func t ion  o f  t h e  a s s o c i a t e d  digits' -01tmeter. A 
new i n s t r u m e n t  h a s  s i n c e  been a c q u i r e d .  
A major  c a l i b r a t i o n  problem w i t h  t h e  f u r n a c e  c o n t r o l  thermocouple  
made some p r e v i o i  expe r imen t s  ambiguous i n  t h e  t e m p e r a t u r e  pa ra -  
meter. A platinum-platinum + rhodium calibration thermocouple 
along with electronic instr; .entation has been purchased to 
eliminate recurrence of this nroblem. 
RECOMMENDATIONS 
F u r t h e r  work shou ld  be done w i t h  f r o n t  c o n t a c t  a s p e c t s  o f  t h e  
copper  c o n t a c t  as w e l l  a s  o p t i m i z a t i o n  of  f i r i n g  t empera tu re ,  
r e q u i r e d  amounts o f  e u t e c t i c  a d d i t i o n s ,  and r e q u i r e d  amounts 
of  s i l v e r  f l u o r i d e  a d d i t i o n .  
The n i c k e l - l e a d  sys tem s t i l l  appea r s  t o  be  a  good c a n d i d a t e  f o r  
s o l a r  ce l l  c o n t a c t s  and shou ld  be f u r t h e r  i n v e s t i g a t e d .  
While t h e  economic a s p e c t s  of  s i l v e r  make it c o n s i d e r a b l y  less 
a t t r a c t i v e  a t  t h i s  t i m e ,  and even less s o  i n  t h e  f u t u r e ,  i t  is 
of  a t  l e a s t  academic i n t e r e s t  t o  make i t s  e lec t r ica l  p r o p e r t i e s  a s  
an a l l  me ta l  i n k  more a d a p t a b l e  t o  s o l a r  cells. 
A c e n t r a l  problem remains t h e  p o s s i b l e  i n t e r a c t i o n  of t h e  copper  
c o n t a c t  w i t h  t h e  s i l i c o n  l a t t i ce ,  t h e  e x i s t e n c e  of  a  p o t e n t i a l  
d i f f u s i o n  b a r r i e r  and t h e  l i f e  expec tancy  of t h e  c o n t a c t .  
NEW TECHNOLOGY 
N e w  Technology r e p o r t s  were f i l e d  a s  fo l lows:  
1) Four ox ide  scavenger m a t e r i a l s  t h a t  can be  incorpora ted  
i n  t h e  metal p a s t e ,  remove s i l i c o n  oxide  dur ing  t h e  f i r i n g  
s t e p  and l e a v e  no harmful  r e s i d u e s .  
2 U s e  of f r i t  me ta l  coa ted  powders on t h e  a l l  me ta l ,  s c reen-  
a b l e  e l e c t r o d e  systems,  such a s  l e a d  p l a t e d  copper powder 
o r  l e a d  p l a t e d  n i c k e l .  
3 1 Use of e u t e c t i c  a l l o y  powders of semiconductors and doping 
meta l s  i n  s c r e e n a b l e ,  a l l  me ta l  e l e c t r o d e  systems.  
4 ) A two s t e p  f i r i n g  system employing t h e  s u c c e s s i v e  use  of  
d i f f e r e n t  fu rnace  ambient atmospheres,  t o  provide  optimum 
c o n d i t i o n s  f o r  (1) oxide  scavenger m a t e r i a l  a c t i v a t i o n  
and ( 2 )  major c o n s t i t u e n t  powder g r a i n  s i n t e r i n g .  
18.0 PROGRESS ON PROGRAM PLAN 
PROGRAM ACTIVITY 
PHASE I 1.0 
1.1 Ohmic Contact Optimization 
2 .1  
1.2 Contact Conductance 
2.2 
1 . 3  PullTest 
2.3 
I 
w 1.4 Temperature Humidity Cycle 
0 , 2.4 
1.5 Solder Leach Resistance 
2.5 
1.6 Firing Temperature-Time Optimization 
2.6 Firing Temperature-Time-Atmosphere Optimization 
1.7 Vehicle Percent Solids Optimization 
2.7 
1.8 Monthly Reports 
1.9 Quarterly Reports 
1.10 Review Meetings 
MONTHS AFTER EXTENSION 
J J A S 0 N 
1 2 3 4 5 6 
V-A 
v-A 
-v A 
V-A 
X X 7 i  A 
PIM PIM 
1 9 . 0  APPENDIX 
A . l  Linear Contact Array P lo t  (Raw Data) 
A . 2  I V  Curves of S i lver  Inks and Controls (Raw Data) 
A . 3  Additional Equilibrium Phase Diagrams 
A . 4  Additional Copper Metallized Solar Cel l  I V  Curves 
(Raw Data) 
A.5 Furnace Temperature Prof i le  
Page 
82 
84 
92 
APPENDIX A . l a  
Figure 4 5  
A.lb 
Figure 4 6  







ESTERLINE ANGUS 
INMAMAPOLIS, INDIANA U.S.A. 
CHART NO. 16800008.001 
APPENDIX A. 3a 
Fig .  55 Equ i l ib r ium Phase  Diagram of Nickel-  
Antimony System. 
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6 Equ i l ib r ium Phase Diagram of Nickel-Zinc 
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Fig. 57 
F i g .  58 
Equilibrium P h a s e  Diagram of Nickel-Bismuth. 
Zm 
Equilibrium P h a s e  Diagram of Copper-Zinc. 
Fig.  dqu i l ib r ium Phase Diagram of Copper-Aluminum 
System. 
Fig.  60 Bquil ibrium Phase Diagram of Copper-Germanium 
System. 
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